Timely assessments of forage biomass production and nutritive values during the growing season are important for livestock managers to make decisions for adjusting stocking rate and pasture management. Remote sensing of canopy reflectance may provide a rapid and inexpensive means of estimating pasture nutritive values and biomass. The objective of this study was to determine the relationships between neutral detergent fiber (NDF), acid detergent fiber (ADF), crude protein ( Linear equations between each forage variable and the ratios or derivatives of reflectance were developed on the basis of data pooled across years, plant genotypes, and sampling dates. Validation of developed equations indicated that the CP concentration, biomass, and CP availability could be predicted by either the ratios or derivatives of the reflectance. Pasture NDF and ADF had lower correlation with canopy reflectance than other measured variables. Our results suggest that two-narrow-waveband reflectance ratios or the first derivatives in visible and near-infrared spectral regions can be used for real-time and nondestructive prediction of forage productivity and CP content in bermudagrass pastures.
L ABORATORY chemical analysis methods have long been used for assessments of forage nutritive quality (Kellems and Church, 1998) . Major forage nutritive quality variables include neutral detergent fiber (NDF), acid detergent fiber (ADF), and crude protein (CP) concentrations. Laboratory chemical methods used to determine these quality variables are time consuming and costly and generate hazardous waste that must be disposed. Beginning in the mid 1970s, near-infrared reflectance spectroscopy (NIRS) was evaluated and used for determination of forage quality (Norris et al., 1976) . Relative to chemical procedures, the NIRS analysis provides rapid and low-cost estimation of forage nutrient composition (Marten et al., 1989; Shenk and Westerhaus, 1994 ) and has been widely used for forage quality analysis. Although the NIRS has great advantages compared with the laboratory chemical method, it is still time consuming because it requires collection and processing (drying and grinding) of vegetation samples.
Potentially, remote sensing of pasture canopy reflectance could further reduce laborious field sampling and sample processing procedures and improve the efficiency of forage productivity and quality evaluation. Furthermore, it would permit mapping of the pasture nutritional landscape and provide timely information to ranch and livestock managers. Numerous studies have reported that remotely sensed data at leaf, canopy, or landscape level can be used to monitor plant growth, physiological, and biochemical properties (Chappelle et al., 1992; Curran et al., 1992; Peñ uelas and Filella, 1998; Daughtry et al., 2000; Peñ uelas and Inoue, 2000; Zhao et al., 2005a Zhao et al., , 2005b , nutrient status and environmental stresses (Gausman, 1982; Chappelle et al., 1992; Filella et al., 1995; Ma et al., 1996; Blackmer et al., 1996; Voullot et al., 1998; Wang et al., 1998; Carter and Estep, 2002; Zhao et al., 2005a) , and yields (Ma et al., 1996; Plant et al., 2000; Reddy et al., 2003) in field crops, but similar studies on estimation of forage quality variables using remote sensing are limited.
Because plant canopy reflectances in the visible (400-700 nm) and NIR (700-900 nm) wavelengths are primarily influenced by chlorophyll and leaf cell structure, respectively (Campbell, 1996; Peñ uelas and Filella, 1998) , changes in forage CP, NDF, and ADF would be expected to affect canopy reflectance in given wavebands in visible-NIR region. Richardson et al. (1983) used a hand-held radiometer to determine relationships between canopy reflectance values in the red to near infrared range and biomass and N content of Alicia bermudagrass. They concluded that remote sensing could be useful for rangeland management. Everitt et al. (1985) investigated relationships between leaf reflectance and leaf nitrogen or chlorophyll concentration in buffelgrass and concluded that leaf reflectance at 500 and 550 nm highly correlated with leaf N and chlorophyll concentrations. More recently, Lamb et al. (2002) reported that leaf reflectance in red-edge range of wavelengths (690-740 nm) could be used to estimate leaf N concentration and total N content of ryegrass (Lolium multiflorum Lam.). On the basis of the principles of bench-top nearinfrared spectroscopy, Starks et al. (2004) analyzed the relationships between canopy reflectance in 252 wavebands, covering the 368-to 1100-nm region, and forage quality variables (i.e., NDF, ADF, and N concentrations) of bermudagrass pasture using modified partial least square regression methods. They found that forage N, NDF, and ADF concentrations closely and linearly correlated with pasture canopy reflectance.
Although the forage quality variables could be estimated from hyperspectral remotely sensed data by integrating canopy reflectance in all wavebands (Starks et al., 2004) , it is not practical for livestock managers to predict forage nutritive variables using an expensive, full range hyperspectral radiometer. Starks et al. (2005) investigated the correlation of forage NDF, ADF, and CP with pasture canopy reflectance and reflectance ratios in broad wavebands (i.e., green, red, near-infrared, and shortwave infrared regions). They concluded that although the correlation coefficients (r) were statistically significant for most measured forage quality variables in all the broad wavebands, using both the broad wave-band canopy reflectance and reflectance ratios could only explain a small portion of variance in the forage quality variables.
Studies have shown that in various species, leaf N and chlorophyll concentration are related to the leaf hyperspectral reflectance ratios (Carter and Spiering, 2002; Read et al., 2002; Zhao et al., 2005a) and first derivatives of reflectance (Lamb et al., 2002; Zhao et al., 2005b) . In this study, we hypothesized that some remote sensing indices may be used to rapidly estimate NDF, ADF, CP, and aboveground biomass of pastures over the growing season. The objectives were to (i) determine the relationships between forage biomass and nutritive values and canopy reflectance in both narrow and broad wavebands and (ii) develop and validate reflectance algorithms on the basis of a few narrow wavebands for real-time prediction of pasture nutritive values and biomass production. 
MATERIALS AND METHODS

Experimental Location
Measurements
In early, mid-, and late growing season of 2002 and biweekly throughout the growing season of 2003, canopy hyperspectral reflectance measurements were made during clear days between 1000 and 1200 h (Central Standard Time) from all plots of each genotype. A portable ASD FieldSpec FR spectroradiometer 1 (Analytical Spectral Devices Inc., Boulder, CO) was used to collect the canopy reflectance data. The ASD measures spectral reflectance in the 350-to 2500-nm wavelength range with a 1-nm sampling interval. The optical sensor of the spectroradiometer was mounted on a boom 2 m above and perpendicular to the soil surface. The radiometer had a 258 field-of-view, producing a view area with a 0.89-m diameter. A Spectralon (Labsphere, Inc., Sutton, NH) reference panel (white reference) was used to optimize the ASD instrument before taking three canopy reflectance measurements at each sampling plot. The canopy reflectance data were expressed as relative values by dividing them by the white reference panel reflectance readings.
All pasture vegetation in a 0.25-m 2 area within the ASD field of view was clipped within 1 cm of the ground surface after canopy reflectance measurements. Pasture samples were immediately dried, weighed, and ground for determinations of NDF and ADF concentrations according to standard laboratory procedures of forage quality analysis outlined by Ankom Technology (Fairport, NY) (http://www.ankom.com/09_procedures/ procedures.shtml; verified 29 November 2005). Total N concentration in dry materials was determined using an automated combustion instrument (LECO Corp., St. Joseph, MI).
Data Analysis
Forage CP concentration was calculated by multiplying N concentration by 6.25 (Pearson and Ison, 1987) . The CP availability (kg ha 21 ) was estimated by multiplying biomass by plant CP concentration. Pasture biomass and quality variables were pooled over plant genotypes, sampling dates and plots within a year. The maximum, minimum, mean, standard deviation (SD), and coefficients of variation (CV) for each forage variable were calculated.
The spectral reflectance values measured from the three adjacent points in each plot at each sampling date were first averaged. Canopy reflectance data in the four-wavelength ranges of 350 to 399, 1350 to 1449, 1700 to 1969, and 2300 to 2500 nm were first omitted from the reflectance data sets because of instrument noise or location of these bands within regions of atmospheric moisture absorption. The remaining reflectance data were combined into six broad wavebands: blue (450-520 nm), green (520-600 nm), red (630-690 nm), NIR (760-900 nm), short-wave infrared 1 (SWIR1, 1550-1750 nm), and short-wave infrared 2 (SWIR2, 2080-2300 nm), on the basis of the Thematic Mapper (TM) bands. The measured forage biomass and quality variables and corresponding reflectance data were pooled across years, genotypes, plots, and sampling dates (n 5 144). Coefficients of determination (r 2 ) between the forage variables and canopy reflectance values in each broad waveband were calculated.
In addition to reflectances in broad wavebands, reflectances in narrow wavebands were calculated by averaging over 10-nm intervals between 400 and 2300 nm and a total of 153 narrow wavebands were produced. Both measured forage quality variables and the narrow waveband reflectance data were pooled as described above. Relationships between the pasture biomass and nutritive values and canopy reflectance values at different narrow wavebands (10 nm) were determined to develop reflectance algorithms for estimating the forage biomass and measured nutritive values. The pooled data were randomly assigned into calibration and test sets to develop and validate algorithms between the measured forage variables and narrow-band canopy reflectance measurements. Each data set contained 72 samples.
Several different methods to transform the narrow waveband reflectance data were used to find the best functional relationships between measured forage variables and canopy remotely sensed measurements. In addition to simple reflectance (R), four additional reflectance datasets were derived: (i) reflectance ratios; (ii) log (1/R); (iii) first derivatives of R; and (iv) first derivatives of log (1/R). The log (1/R) and the first derivatives of R or log (1/R) were calculated according to Hruschka (1987) and Lamb et al. (2002) , respectively.
The linear regression analyses of forage biomass and quality variables with all of corresponding untransformed and transformed narrow-band reflectance data throughout the wavelength range of 400 to 2300 nm in the calibration data set were performed. The log (1/R) and the first derivatives of log (1/R) transformations did not improve the linear relationships between the forage nutritive values and canopy reflectance compared with the original reflectance and the first derivatives of reflectance. Therefore, these two data sets did not undergo further analysis. The wavebands where reflectance values had the greatest r 2 with NDF, ADF, CP, biomass, and CP availability were first selected. The reflectance values at these particular wavebands were used as the numerators and reflectance values at all other wavebands were used as denominators to calculate reflectance ratios according to Zhao et al. (2005a) . The r 2 values of all the forage quality variables with the reflectance ratios or with the first derivatives of reflectance were further determined.
The reflectance ratios and first derivatives of reflectance in the calibration data set, having the greatest r 2 values with forage quality variables, were selected. Concentrations of NDF, ADF, and CP, total biomass and CP availability from the calibration data set were then plotted against the corresponding reflectance ratios or the first derivatives of reflectance, and linear regressions were performed for each quality variable. Additionally, each measured forage quality parameter was treated as a response variable in a stepwise regression (SAS, 1997) to determine relationships between the NDF, ADF, CP, biomass, and CP availability and reflectance or first derivatives of the reflectance in five most important wavebands. These forage parameters in the test data set were predicted on the basis of the algorithms developed from the data in the calibration set and the reflectance values of the test set. Predicted NDF, ADF, CP, biomass, and CP availability were plotted against their laboratory-measured results to validate algorithm usefulness. The root-mean-square error (RMSE) was calculated to determine the precision of estimation between the measured values and predicted values.
RESULTS AND DISCUSSION Biomass and Nutritive Values
Neutral detergent fiber ranged between 61.8 and 78.0%, ADF was between 28.1 and 41.3%, CP between 4.1 and 16.3%, biomass between 664 and 8968 kg ha
21
, and CP availability between 36 and 1125 kg ha 21 in the two growing seasons (Table 1) . Overall, CP availability had the greatest (CV 5 45-59%) and NDF had smallest (CV 5 3.4-4.9%) variability among these forage variables. Changes in NDF and ADF in the present study were much smaller than changes in CP concentration, aboveground biomass, and CP availability. These results are consistent with findings in ungrazed forage fields, where the CV of forage yield and CP concentration were greater than the CV of NDF and ADF among bermudagrass genotypes, harvest dates, and years (Taliaferro et al., 1995 (Taliaferro et al., , 2000 . Wide ranges in forage CP concentration, biomass production, and CP availability provided the ideal data sets for development and validation of reflectance algorithms in these forage biomass and quality variables.
Correlation of Forage Quality Variables with
Broadband Reflectance
Among the six broad wavebands, reflectances in red and NIR bands were most highly correlated with forage NDF, ADF, CP concentration, aboveground biomass, and CP availability (Fig. 1) . Most r 2 values of these forage quality variables with canopy reflectance in a single broadband were statistically significant (P , 0.05-0.0001) because of a large data set (n 5 144). However, using the reflectance in any broad waveband could only explain 4 to 21% of the variation in NDF, 1 to 15% in ADF, 4 to 34% in CP, 15 to 39% in biomass, and 16 to 52% in CP availability (i.e., small r 2 values). These results indicate that correlations of standing pasture Fig. 1 . Coefficients of determination (r 2 ) of forage neutral detergent fiber (NDF), acid detergent fiber (ADF), crude protein (CP) concentrations (%), aboveground biomass (Mg ha 21 ), and CP availability (CPA, kg ha 21 ) with canopy reflectances in broadwavebands of blue (450-520 nm), green (520-600 nm), red (630-690 nm), near infrared (NIR, 760-900 nm), short-wave infrared 1 (SWIR1, 1550-1750 nm), and short-wave infrared 2 (SWIR2, 2080-2350 nm) (n 5 144).
canopy reflectance in single broad wavebands with measured forage biomass and quality variables of bermudagrass are low (Fig. 1) . Therefore, narrow waveband reflectance and other data analysis methods were investigated to determine if relationships between pasture canopy reflectance and forage quality could be improved to more accurately predict forage productivity and nutritive values using remotely sensed data.
Relationships between Narrowband Reflectance and Forage Quality Variables
Linear regression analysis of each quality variable with canopy reflectance values at all narrow wavebands indicated that the r 2 between the quality parameters and the reflectance data depended on both measured quality variables and the wavebands (Fig. 2a) . Overall, the r 2 Fig. 2 . Coefficients of determination (r 2 ) vs. wavelengths for the relationships of forage neutral detergent fiber (NDF), acid detergent fiber (ADF), crude protein (CP) concentrations (%), aboveground biomass (Mg ha 21 ), and CP availability (CPA, kg ha 21 ) with (a) canopy reflectance, (b) reflectance ratios, and (c) the first derivatives of reflectance at different wavelengths. The r 2 values were based on a linear model of the calibration data set. Typical wavebands where the reflectances, reflectance ratios or the first derivatives of reflectance have the greatest r 2 (in parenthesis) with the forage quality parameters are highlighted in the figure (n 5 72) .
values of NDF and ADF with reflectances were lower than those of CP, biomass, and CP availability in most wavebands. The reflectances centered at 765, 725, 605, 915, and 865 6 5 nm (i.e., R 765 , R 725 , R 605 , R 915 , and R 865 ) had the greatest r 2 with NDF, ADF, CP, biomass, and CP availability, respectively (Fig. 2a) . Although reflectance values in most wavebands were significantly correlated with these forage quality variables (P , 0.05), reflectance in a single narrow waveband having the greatest r 2 could only explain 15% of variation in NDF, 19% in ADF, 39% in CP, 30% in biomass, and 43% in CP availability (Fig. 2a) .
Several studies on different plant species have indicated that two-waveband reflectance ratios of plant leaves correlated more closely with leaf chlorophyll and leaf N concentration, compared with leaf reflectance in a single narrow waveband (Carter and Spiering, 2002; Read et al., 2002; Zhao et al., 2005a Zhao et al., , 2005b . First derivatives of reflectance in the red-edge region (690-740 nm) have been used to estimate leaf N concentration in ryegrass (Lamb et al., 2002) and in sorghum [Sorghum bicolor (L.) Moench] (Zhao et al., 2005b) . Similar to previous reports, both the reflectance ratios (Fig. 2b) and the first derivatives of reflectance (Fig. 2c ) in most wavebands in the present study improved linear relationships between canopy reflectance and NDF, ADF, CP, biomass, and CP availability (i.e., greater r 2 values than the simple reflectance). The two-waveband reflectance ratios having the greatest r 2 with NDF, ADF, CP, biomass, and CP availability were R 765 /R 955 , R 735 /R 1335 , R 605 /R 515 , R 915 /R 975 , and R 875 /R 725 , respectively. Wavebands of the first derivatives of reflectance having the greatest r 2 with the five forage variables centered at 995, 645, 545, 935, and 755 nm, respectively (Fig. 2c) .
It is noted that data were pooled across the three genotypes and used to determine the relationships between measured forage parameters and canopy reflectance measurements in the present study. This might cause lower r 2 values in linear regression analysis as compared with data assessment in an individual plant genotype. However, the primary objective of our study was to develop reflectance algorithms for real-time prediction of forage productivity and nutritive values of bermudagrass pastures across genotypes rather than one specific cultivar. Thus, the equations developed from the pooling data might be more useful compared with those based on a given grass genotype.
Scatter plots indicated that relationships between all measured forage quality variables and the given reflectance ratios or the first derivatives of reflectance with the greatest r 2 could be expressed in a linear fashion (graphs not shown). These linear equations and r 2 values, derived from the calibration data set, are given in Table 2 . The particular reflectance ratios explained 19, 25, 62, 44, and 63% of the variance, respectively, in forage NDF, ADF, CP concentration, biomass, and CP availability. The first derivatives of reflectance in the selected wavebands explained 26, 24, 58, 49, and 68% of the variance, respectively, in these forage biomass and quality variables (Table 2) . Generally, the correlations of NDF and ADF with the reflectance ratios or first derivatives of reflectance were much lower than those of CP concentration, biomass, and CP availability. An earlier study on a number of plant species suggested that tissue N or CP concentration in dry ground materials was most highly correlated with reflectance at wavelengths between 1200 and 2400 nm (Kokaly, 2001) . However, in field settings canopy reflectance in the spectral range of 1200 to 2400 nm is greatly reduced by moisture in plant tissues and in the atmosphere. The close relationships between forage CP concentration and R 605 /R 515 or the first derivative of reflectance at 545 nm in the present study could avoid the influence of moisture on canopy reflectance.
The five most important wavebands for each measured forage quality variable and the corresponding multivariable equations and r 2 values, obtained by stepwise regression, are given in Table 3 . Compared with the simple reflectance ratios and first derivatives of reflectance, the linear relationships between forage NDF, ADF, CP concentration, biomass, and CP availability and canopy reflectance were slightly improved by multiple regression of the five-waveband reflectances or first derivatives of reflectance (i.e., greater r 2 , Table 3 ).
Algorithm Validation
Forage NDF, ADF, CP concentration, biomass, and CP availability in the test data set were predicted by the corresponding equations of the two-waveband reflec- Table 2 . The best wavebands (65 nm) selected from reflectance (R) ratio calculation and from first derivatives of R (FDR) for determining their linear relationships with forage quality variables of neutral detergent fiber (NDF), acid detergent fiber (ADF), crude protein (CP) concentrations, aboveground biomass, and CP availability (CPA) on the basis of the calibration data set. The respective equations and r 2 values are also presented in the tance ratio and first derivatives of reflectance in Table 2 . These forage variables were also predicted by the models of the stepwise regression in Table 3 on the basis of the reflectance data. The predicted values were further compared with corresponding laboratory measured values (Fig. 3) . Scatter plots comparing forage NDF predicted by the respective equations with measured values indicated that although the RMSE between measured and predicted NDF were small (2.7-3.2%), the r 2 values between the predicted and measured NDF were low (0.26 # r 2 # 0.32) for all the four algorithms (n 5 72). Additionally, NDF was overestimated when it was ,70% and underestimated when it was .70%.
Similar to the prediction of forage NDF, the r 2 of predicted and measured ADF were low (0.28 # r 2 # 0.35) and ADF was overestimated when it was ,35% and underestimated when it was .35%. Stepwise regression models did not improve prediction efficiency of either NDF or ADF although stepwise regression equations of NDF and ADF with reflectances and first derivatives of reflectance in calibration data set had slightly greater r 2 (Table 3) than the simple linear models in Table 2 . Low correlation of the canopy reflectance ratios or derivatives of reflectance with NDF and ADF of bermudagrass pastures and poor prediction of the NDF and ADF in the present study were probably associated with small ranges of variance in these two quality variables (see Table 1 ). These results also indicated that it might be more difficult to accurately predict forage NDF and ADF using canopy reflectance measurements in just one to five narrow wavebands, as compared with CP concentration.
In the present study, both the reflectance ratios and the first derivatives of reflectance could be used to adequately predict forage CP concentration, biomass production, and CP availability with r 2 5 0.58 to 0.81, P , 0.0001 ( Fig. 3a and 3b) . These three forage variables exhibited a wide range in values (Table 1 ) and the RMSE between predicted and measured values were 1.47 to 1.55% for CP concentration, 1.16 to 1.21 Mg ha 21 for biomass, and 87.5 to 97.8 kg ha 21 for CP availability in all the models of the reflectance ratio, first derivatives of reflectance, and their stepwise regression equations. Furthermore, assessment of scatter plots of measured NDF, ADF, CP, biomass, and CP availability versus predicted values using the equations in Table 3 suggested that the multi-variable equations did not improve prediction accuracy of any measured forage quality variable ( Fig. 3c and 3d ), as compared with the simple models of reflectance ratio or first derivatives of reflectance. This is probably associated with existence of multicolinearity in stepwise regression.
Evidence has indicated that leaf N concentration can be estimated from leaf level reflectance measurements, especially the reflectance ratios or the first derivatives of reflectance in given wavebands (Carter and Spiering, 2002; Lamb et al., 2002; Zhao et al., 2005a Zhao et al., , 2005b . Our results suggest that simple reflectance ratios or the first derivatives of reflectance from canopy level measurements could be used to predict CP concentration and CP availability of field standing bermudagrass pastures.
CONCLUSIONS
Crude protein concentration, biomass production, and CP availability of bermudagrass pastures closely correlated with canopy reflectance ratios of R 605 /R 515 , R 915 /R 975 , and R 865 /R 725 , respectively. These three forage variables were also correlated with the first derivatives of reflectance in wavebands centered at 545, 935, and 755 nm, respectively. The NDF and ADF of bermudagrass pastures had lower correlation with either the reflectance ratios or the first derivatives of reflectance compared with other forage quality variables measured. All the relationships between measured forage biomass and nutritive values and the reflectance ratios or the first derivatives of reflectance could be expressed by simple linear functions. The results of validating the developed linear models indicated that although the relationships Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved.
of forage NDF and ADF with pasture canopy reflectance were poor, the CP concentration, biomass production and CP availability of bermudagrass could be adequately predicted throughout the growing seasons using two-waveband reflectance ratios or the first derivatives of reflectance. Therefore, remote sensing of canopy reflectance in certain narrow wavebands can be used for real-time and nondestructive assessment of forage productivity and crude protein concentration in bermudagrass pastures. 
